INTRODUCTION
============

Microglia are immune cells resident in the central nervous system (CNS) that respond to extracellular stimuli and play a crucial role in the progress of neuro-inflammation ([@b47-bt-24-268]). Chronic neuro-inflammation is a hallmark of neurodegenerative diseases, such as Alzheimer's disease (AD), Parkinson's disease (PD), and stroke ([@b38-bt-24-268]; [@b10-bt-24-268]). In response to extracellular stimuli, microglia can produce and release pro-inflammatory mediators such as nitric oxide (NO), prostaglandin E~2~ (PGE~2~), reactive oxygen species (ROS), interleukin-1 beta (IL-1β), and tumor necrosis factor-alpha (TNF-α). These mediators help restore CNS homeostasis by clearing pathogens and infected cells. However, prolonged microglial activation can also cause chronic neuro-inflammation and promote neuronal injury due to the increased production of neurotoxic pro-inflammatory mediators, and can eventually lead to neuronal cell death ([@b6-bt-24-268]; [@b4-bt-24-268]; [@b35-bt-24-268]; [@b46-bt-24-268]). Thus, controlling microglial activation may have a therapeutic benefit for many neurodegenerative diseases.

Inflammation is the organized response of an organism to injuries of multiple pathologies. The inflammatory response involves the rapid up-regulation of many genes. Nuclear factor-kappa B (NF-κB) is a critical transcription factor involved in the inflammatory response, and is also known to play an important role in neurodegenerative diseases ([@b45-bt-24-268]). NF-κB is normally bound to inhibitor of nuclear factor kappa B alpha (IκBα) in the cytosol in an inactive form. However, in response to stress, phosphorylated IκBα is degraded through selective ubiquitination, resulting in NF-κB activation. Activated NF-κB then translocates into the nucleus and binds to the promoter regions of pro-inflammatory molecules, thereby upregulating the expression of multiple target genes ([@b44-bt-24-268]). Ultimately, NF-κB induces the expression of many inflammatory mediators, including inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), and TNF-α, via the binding of NF-κB to specific promoter regions. Therefore, the modulation of NF-κB activation is a promising strategy for the treatment of many neuropathologies ([@b2-bt-24-268]).

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a redox-sensitive transcription factor that is normally sequestered in the cytoplasm by the regulatory protein Kelch-like ECH-associated protein 1 (Keap1). Under conditions of oxidative or xenobiotic stress, Keap1 undergoes structural modification. Nrf2 is then released from Keap1, translocates to the nucleus, and subsequently binds to a promoter sequence known as the antioxidant response element (ARE). Nuclear accumulation of Nrf2 thus results in the up-regulation of phase II detoxifying anti-oxidant enzymes such as NAD(P)H, quinone oxidoreductase, heme oxygenase-1 (HO-1), the glutamate-cysteine ligase catalytic subunit, and the glutamate-cysteine ligase modifier subunit ([@b18-bt-24-268]; [@b20-bt-24-268]). Recent studies have demonstrated that up-regulation of the Nrf2-dependent HO-1 pathway reduces the inflammatory reaction in activated microglia. Moreover, the induction of HO-1 expression in the brain has been shown to be important in neuro-inflammation, neuroprotection, and neuroplasticity. Consequently, Nrf-2 and HO-1 are considered to be important targets for the treatment of neurodegenerative diseases ([@b3-bt-24-268]; [@b23-bt-24-268]).

*Eucommia ulmoides* Oliv. Bark. (EUE) is a traditional tonic medicine used in Korea, China, and Japan. EUE is typically consumed as a tea for the purpose of lowering blood pressure, treating miscarriage, improving liver and kidney tone, and promoting longevity ([@b24-bt-24-268]; [@b30-bt-24-268]; [@b36-bt-24-268]; [@b15-bt-24-268]). In addition, EUE has been reported to exert anti-oxidant, anti-inflammatory, anti-tumorigenic, anti-apoptotic, and anti-cancer effects ([@b55-bt-24-268]; [@b19-bt-24-268]; [@b32-bt-24-268]; [@b21-bt-24-268]; [@b33-bt-24-268]). In our previous studies, we showed that EUE exhibits anti-oxidative stress and anti-acetylcholinesterase activities in the brain and neuronal cells, in addition to providing neuroprotective effects against the amyloid beta peptide25--35 and hydrogen peroxide (H~2~O~2~) ([@b27-bt-24-268]; [@b26-bt-24-268]). EUE is thus a candidate agent for the treatment of neurological diseases, including AD. These reports indicate the importance of determining the relationship between EUE and neurodegenerative diseases; however, the actions and mechanisms of EUE in neuro-inflammation-related disorders have been poorly elucidated. Moreover, no report to date has investigated the molecular mechanisms of the anti-inflammatory activities of EUE in LPS-stimulated BV-2 microglial cells.

In the present study, we investigated whether EUE exerts anti-inflammatory effects. Specifically, we studied the mechanisms of action of EUE on LPS-stimulated pro-inflammatory responses in BV-2 microglial cells. We investigated whether EUE inhibits NF-κB activation and whether EUE activates Nrf2-dependent signaling, which leads to HO-1 up-regulation in an event that is downstream of ARE-responsive proteins. We also determined whether EUE-induced activation of Nrf2-dependent HO-1 signaling is the major cellular mechanism mediating the anti-inflammatory effects of EUE.

MATERIALS AND METHODS
=====================

Materials
---------

2,7′-Dichlorofluorescin diacetate (DCFH-DA), dimethyl sulfoxide (DMSO), Hoechst 33258, 3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), lipopolysaccharide (LPS, *Escherichia coli*, 026:B6), poly-D-lysine, and anti-β-actin antibodies were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Zinc protoporphyrin (ZnPP) was purchased from Tocris Cookson (Bristol, UK). Dulbecco's modified Eagle's medium (DMEM) was obtained from HyClone (Logan, UT, USA). Fetal bovine serum (FBS), 0.25% trypsin-EDTA, and penicillin/streptomycin were obtained from GIBCO-BRL (Grand Island, NY, USA). Rabbit anti-phospho-Akt (Ser473), rabbit anti-phospho-ERK1/2 (Thr202/Tyr204), rabbit anti-ERK 1/2 (Thr202/Tyr204), rabbit anti-phospho-GSK-3α/β (Ser21/9), rabbit anti-glycogen synthase kinase-3 α/β (GSK-3α/β) (D75D3), rabbit anti-phospho-JNK (Thr183/Tyr185), rabbit anti-JNK (Thr183/Tyr185), rabbit anti-lamin B1, rabbit anti-NF-κB p65, and anti-rabbit horseradish peroxidase-linked IgG antibodies were purchased from Cell Signaling (Boston, MA, USA). Rabbit anti-COX-2, rabbit anti-HO-1, rabbit anti-phospho-IκBα, rabbit anti-IκBα, rabbit anti-phospho-p38 MAPK (Thr180/Tyr182), and rabbit anti-p38 MAPK (Thr180/Tyr182) antibodies were purchased from Epitomics Inc (Abcam, Burlingame, CA, USA). Rabbit anti-Akt (Ser473), rabbit anti-Nrf2, and rabbit anti-iNOS antibodies were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Alexa Fluor^®^ 488-conjugated goat anti-rabbit IgG antibodies, Texas Red^®^-conjugated goat anti-rabbit IgG antibodies, and Lipofectamine^®^ 2000 transfection reagent were purchased from Invitrogen (Molecular Probes, Eugene, OR, USA). PCR primers were synthesized by Cosmogenetech (Seoul, Republic of Korea). All other chemicals were of analytical grade and were purchased from Sigma Chemical.

Preparation of EUE extract
--------------------------

The dried stem bark of *Eucommia ulmoides* Oliv. was purchased from the Kyung-Dong Oriental Medicine Market (Seoul, Republic of Korea). The stem bark of EU had been collected in Andong, Republic of Korea in June 2008 and was identified by Professor Sun Yeou Kim (College of Pharmacy, Gachon University, Incheon, Republic of Korea). A voucher specimen (KSYHP-EC-002-ET) was deposited at the herbarium of the Graduate School of East-West Medical Science, Kyung Hee University. The dried EU bark was cut into small pieces and extracted in hot water (70°C) three times using a reflux apparatus with a cooling system (40°C) for 1 h, and the resultant aqueous extract was passed through filter paper (Whatman, No. 2, Florham Park, NJ, USA). The supernatants were concentrated under reduced pressure with a vacuum rotary evaporator (EYELA, N-1000, Tokyo, Japan) and then lyophilized. Finally, the supernatant (100 g) was extracted with ethyl acetate three times for 1 h in an ultrasonic apparatus. The supernatant was evaporated and spray-dried, thus yielding 5 g of EUE that was stored at −20°C until use.

Cell culture and treatment
--------------------------

BV-2 microglial cells were grown in DMEM supplemented with 10% heat-inactivated FBS (v/v) and 0.1% penicillin/streptomycin (v/v) in a humidified atmosphere of 5% CO~2~ and 95% air at 37°C. LPS was prepared immediately before use as a 10 μg/ml stock and diluted in PBS to the indicated final concentration, while EUE was dissolved in DMSO. All stock solutions were added directly to the culture medium. Control cells were treated with DMSO only. The final concentration of solvent was always \<0.1% (v/v). No significant cytotoxicity was observed in any of the experiments (data not shown). In all experiments, cells were treated with the indicated concentrations of EUE in the presence or absence of LPS (100 ng/ml) in serum-free DMEM.

Cell viability assay
--------------------

Cell viability was measured based on the formation of formazan, a blue product resulting from the metabolism of a colorless substrate (MTT) by mitochondrial dehydrogenases, which are active only in live cells. BV-2 microglial cells (2.5×10^5^ cells/well in 24-well plates) were incubated at 37°C with LPS for 24 h with or without EUE pretreatment and then treated with an MTT solution (5 mg/ml) for 2 h. The dark blue formazan crystals formed in intact cells were dissolved in DMSO and the resultant absorbances were measured at 540 nm with a microplate reader (SpectraMax 250, Molecular Device, Sunnyvale, CA, USA). Results are expressed as the percentage of metabolized MTT relative to that of control cells as determined by absorbance measurements.

Determination of NO production
------------------------------

NO release into culture supernatants was measured by the Griess reaction. In brief, BV-2 microglial cells (2.5×10^5^ cells/well in 24-well plates) were incubated at 37°C with LPS for 24 h with or without EUE pretreatment. 100 μl of culture supernatant from each sample was then mixed with an equal volume of Griess reagent \[0.1% N-(1-naphthyl)-ethylenediamine dihydrochloride and 1% sulfanilamide in 5% phosphoric acid\] in 96-well plates for 10 min at room temperature in the dark. Nitrite concentrations were determined by reference to standard solutions of sodium nitrite prepared in cell culture medium. The absorbances at 540 nm were determined using a microplate reader.

Enzyme-linked immunosorbent assay (ELISA)
-----------------------------------------

The levels of PGE~2~, TNF-α, and IL-1β were determined using specific ELISA kits (PGE~2~ kit, Cayman Chemical, Ann Arbor, MI, USA; TNF-α and IL-1β kits, KOMA Biotech, Seoul, Korea) as per the manufacturers' instructions.

Measurement of intracellular ROS accumulation
---------------------------------------------

BV-2 microglial cells (1×10^6^ cells/well) were seeded on 6-well plates or poly-D-lysine coated slides and cultured overnight. The levels of intracellular ROS were measured using DCFH-DA. After pretreatment with or without EUE for 30 min, the cells were incubated with LPS for 24 h. The cells were rinsed with PBS and treated with 10 μM DCFH-DA (for 30 min) and 5 μg/ml Hoechst 33258 (for 5 min) at 37°C, washed twice with PBS, and the resultant fluorescence was measured at 530 nm with a microplate reader (SpectraMax M2, Molecular Device, Sunnyvale, CA, USA) with excitation at 488 nm. DCFH-DA fluorescence images were captured with a fluorescence microscope (20×).

RNA isolation and reverse transcription-polymerase chain reaction (RT-PCR)
--------------------------------------------------------------------------

BV-2 microglial cells (1×10^6^ cells/well in 6-well plates) were incubated at 37°C with LPS, with or without pretreatment with EUE. Total RNA was isolated using Trizol^®^ reagent (Invitrogen). Reverse transcription was carried out with a Superscript^®^-III kit (Invitrogen) using 5 μg total RNA and oligo dT according to the manufacturer's instructions. Specific primer sequences were as follows: iNOS (forward, 5′-CTGCAGCACTTGGATCAGGAACCTG-3′ and reverse, 5′-GGGAGTAGCCTGTGTGCACCTGGAA-3′), COX-2 (forward, 5′-TTGAAGACCAGGAGTACAGC-3′ and reverse, 5′-GGTACAGTTCCATGACATCG-3′), TNF-α (forward, 5′-CGTCAGCCGATTTGCTATCT-3′ and reverse, 5′-CGGACTCCGCAAAGTCTAAG-3′), IL-1β (forward, 5′-GCCCATCCTCTGTGACTCAT-3′ and reverse, 5′-AGGCCACAGGTATTTTGTCG-3′), HO-1 (forward, 5′-CAAGCCGAGAATGCTGAGTTCATG-3′ and reverse, 5′-GCAAGGGATGATTTCCTGCCAG-3′), and β-actin (forward, 5′-AGCCATGTACGTAGCCATCC-3′ and reverse, 5′-GCTGTGGTGGTGAAGCTGTA-3′). PCR amplification of the resulting cDNA template was conducted for 25 (iNOS, COX-2, HO-1, and β-actin) or 30 (TNF-α and IL-1β) cycles. Briefly, after an initial denaturation step at 95°C for 2 min, thermal cycling was initiated. Each cycle consisted of denaturation at 95°C for 1 min, annealing at 65°C (iNOS), 55°C (COX-2), 57°C (TNF-α and IL-1β), 60°C (HO-1), or 58°C (β-actin) for 1 min, extension at 72°C for 1 min, and a final extension at 72°C for 5 min. PCR products were analyzed by staining with ethidium bromide after electrophoresis for 30 min at 100 V on 1.5% agarose gels in Tris borate/EDTA buffer (890 mM Tris base, 890 mM boric acid, 20 mM EDTA, pH 8.3). Amplicons were visualized on a UV transilluminator and their intensities quantified by densitometric analysis using ImageJ software (NIH Image, public domain, USA).

Preparation of nuclear and cytosolic fractions of cell lysates
--------------------------------------------------------------

BV-2 microglial cells were seeded at 5×10^6^ cells/well in 100 mm^2^ cell culture dishes. After pretreatment with EUE, the cells were incubated either with or without LPS. To evaluate the nuclear translocation of NF-κB p65, nuclear and cytosolic fractions were prepared using NE-PER nuclear and cytoplasmic extraction reagents for cultured cells (Pierce, Rockford, IL, USA) according to the manufacturer's instructions. The levels of NF-κB p65 and Nrf2 were determined by Western blot analysis and electrophoretic mobility shift assays (EMSA) were performed as described below.

Western blot analysis
---------------------

BV-2 microglial cells were seeded at 1×10^6^ cells/well in 6-well plates. After pretreatment with EUE, the cells were incubated either with or without LPS. Cells were then washed with ice-cold PBS and harvested by scraping with 100 μl ice-cold TPER tissue protein extraction buffer (Thermo Scientific, Rockford, IL, USA) containing a protease and phosphatase inhibitor cocktail (Roche Diagnostics GmbH, Mannheim, Germany). Lysates were incubated on ice for 30 min. After centrifugation at 10,000×*g* for 15 min, the supernatants were removed and stored at −70°C. The protein concentrations were determined using a protein assay kit (Thermo Scientific). Proteins were separated on 8--12% SDS-polyacrylamide gels and then transferred to polyvinylidene difluoride membranes (Pall Corporation, Pensacola, FL, USA). Nonspecific binding sites were blocked with 5% skim milk in TBST buffer \[0.5 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 0.1% Tween-20\] for 1 h at room temperature. The membranes were subsequently incubated with primary antibodies overnight at 4°C \[antibodies against HO-1, iNOS, phospho-JNK (Thr183/Tyr185), JNK, phospho-ERK1/2 (Thr202/Tyr204), ERK 1/2 (Thr202/Tyr204), phospho-Akt (Ser473), Akt (Ser473), phospho-GSK-3α/β (Ser21/9), GSK-3α/β (D75D3), NF-κB p65, Nrf2, and lamin were used at a dilution of 1:1,000; against β-actin at a dilution of 1:20,000; against COX-2 at a dilution of 1:500; and against IκBα and phospho-IκBα at a dilution of 1:10,000\]. After three washes with TBST, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies (1:5,000) in TBST with 5% nonfat milk for 1 h at room temperature. The membranes were then washed three more times in TBST. Immunoreactive bands were visualized by enhanced chemiluminescence. Specifically, the membranes were immersed for 5 min in a 1:1 ratio of ECL reagents A and B (Animal Genetics, Suwon, Republic of Korea) and then exposed to photographic film. Band intensities were quantified by densitometric analysis using ImageJ software.

Transient transfection and dual-luciferase assay
------------------------------------------------

NF-κB and ARE reporter constructs were purchased from SABiosiences (Qiagen, Valencia, CA, USA). In brief, BV-2 microglial cells were plated in 24-well plates at a density of 2.5×10^5^ cells/well and grown overnight. Cells were cotransfected with 5 μg/ml of an NF-κB reporter plasmid, an ARE reporter plasmid, or a negative control plasmid along with an internal control plasmid to measure transfection efficiency. Transfections were performed for 6 h using lipofectamine. After transfection, cells were cultured in medium with 10% FBS for 24 h. Twenty-four hours after transfection, the cells were incubated with EUE and then treated either with or without LPS. Luciferase activity was assayed using a dual-luciferase assay kit (Promega, Madison, WI, USA) according to the manufacturer's instructions. Luminescence was measured using a single tube luminometer (FB12, Berthold Detection Systems GmbH, Pforzheim, Germany).

Electrophoretic mobility shift assay (EMSA)
-------------------------------------------

Nuclear extracts were prepared using the NE-PER nuclear and cytoplasmic extraction reagents as described above. Synthetic complementary NF-κB-binding (5′-AGTTGAGGGG ACTTTCCCAGGC-3′) and Nrf2-binding (5′-GCTCTTCCGGTGCTCTTCCGGT-3′) oligonucleotides (Affimetrix Inc., CA, USA) were 5′-biotinylated using a biotin 5′-end DNA labeling EMSA kit (Affimetrix Inc.) according to the manufacturer's protocol. The binding reactions contained 10 μg of nuclear extract proteins, binding buffer, 1 μg of poly d(I-C), and 10 ng of biotin-labeled DNA. The reactions were incubated for 5 min at room temperature in a final volume of 10 μl. The protein-DNA complexes were separated from the DNA probes by electrophoresis on a native 6% polyacrylamide gel that had been pre-electrophoresed for 1 h in 0.5× Tris borate/EDTA buffer (50 mM Tris base, 18 mM boric acid, 500 mM EDTA, pH 8.3). Complexes were then transferred to a positively charged nylon membrane (Pall Corporation, Pensacola, FL, USA) in 0.5× Tris borate/EDTA buffer at 300 mA for 30 min, after which the DNA was hybridized to the nylon membrane in a drying oven at 80°C for 1 h. Horseradish peroxidase-conjugated streptavidin was used according to the manufacturer's instructions to detect the transferred DNA.

Immunocytochemistry
-------------------

BV-2 microglial cells (5×10^5^ cells/well) were seeded on poly-D-lysine coated culture slides and incubated for 24 h. After pretreatment with EUE, the cells were incubated either with or without LPS. Cells were then washed with PBS and fixed with 4% paraformaldehyde for 15 min. After washing, cells were permeabilized with 0.1% Triton X-100 in PBS for 10 min. Cells were blocked in 5% BSA/PBS for 1 h and then incubated overnight with anti-NF-κB p65 and anti-Nrf2 antibodies (1:250 each). Cells were then washed with PBS and incubated for 1 h with Texas Red^®^-conjugated goat anti-rabbit IgG antibodies (1:250 for NF-κB p65) or Alexa Fluor^®^ 488-conjugated goat anti-rabbit IgG antibodies (1:250 for Nrf2) and Hoechst 33258 (5 μg/ml) for 5 min. Cells were washed in PBS and mounted on glass slides in Permafluor aqueous mounting medium. All procedures were performed at room temperature. Cells were observed under a fluorescence microscope (100×). The results shown are representative of three independent experiments.

Statistics
----------

Data were analyzed with Prism 5.0 software (GraphPad Software, Inc., San Diego, CA, USA) and are expressed as means ± S.E.M. Statistical analyses were performed using one-way analysis of variance (ANOVA) followed by the Newman-Keuls test. Statistical significance was set at *p*\<0.05.

RESULTS
=======

Effects of EUE on the viability of BV-2 microglial cells
--------------------------------------------------------

To exclude the possibility that the decreases in NO and cytokine levels were simply due to cell death, the MTT assay was used to assess the cytotoxicity of EUE in BV-2 microglial cells in the absence or presence of LPS. EUE was not cytotoxic at any of the concentrations (2.5, 5, 10, 25, 50, and 100 μg/ml) used in this study ([Fig. 1A, 1B](#f1-bt-24-268){ref-type="fig"}). Thus, these concentrations of EUE were used in subsequent experiments.

Effects of EUE on LPS-induced production of NO and PGE~2~ in BV-2 microglial cells
----------------------------------------------------------------------------------

We initially evaluated the effects of EUE on NO and PGE~2~ production in LPS-stimulated BV-2 microglial cells. NO production was assessed by measuring the amount of nitrite released into the culture medium using the Griess reagent. Treatment with LPS significantly increased NO and PGE~2~ production by 37.63 ± 0.51 μM and 564.60 ± 59.07 pg/ml more than the control values, respectively ([Fig. 1C, 1D](#f1-bt-24-268){ref-type="fig"}, *p*\<0.001). However, this increased production of NO was significantly inhibited by 2.5, 5, and 10 μg/ml EUE to 28.60 ± 1.83 μM, 24.03 ± 0.46 μM, and 21.87 ± 0.51 μM greater than the control values (*p*\<0.001). With 25 μg/ml EUE, the levels of NO and PGE~2~ production were significantly reduced to 13.83 ± 0.06 μM and 428.00 ± 13.59 pg/ml greater than the control values, respectively (*p*\<0.05 and *p*\<0.001). Pretreatment with 50 μg/ml EUE also inhibited NO and PGE~2~ production to 8.20 ± 0.06 μM and 328.50 ± 17.94 pg/ml greater than the control values, respectively (*p*\<0.001). In addition, pretreatment with 100 μg/ml EUE dramatically inhibited NO and PGE~2~ production to 5.33 ± 0.76 μM and 164.00 ± 24.91 pg/ml greater than the control values, respectively (*p*\<0.001).

Effects of EUE on LPS-induced up-regulation of iNOS and COX-2 expression at the protein and mRNA levels in BV-2 microglial cells
--------------------------------------------------------------------------------------------------------------------------------

Since EUE inhibited the production of NO and PGE~2~, we next examined the relationship between the concentration of EUE and the expression of iNOS and COX-2. Western blot analysis showed that LPS treatment significantly increased the protein levels of iNOS and COX-2 to 430.60 ± 32.22% and 160.50 ± 3.80% of the control values, respectively ([Fig. 2A, 2B](#f2-bt-24-268){ref-type="fig"}, *p*\<0.001). However, pretreatment with 50 μg/ml EUE significantly attenuated these increases in the protein levels of iNOS and COX-2 to 303.80 ± 20.23% and 113.00 ± 9.72% of the control values, respectively (*p*\<0.01). Moreover, pretreatment with 100 μg/ml EUE further decreased the upregulation of iNOS and COX-2 protein levels to 258.30 ± 19.74% and 106.00 ± 7.82% of the control values, respectively (*p*\<0.001).

Treatment with LPS also significantly increased the mRNA expression levels of iNOS and COX-2 to 296.00 ± 34.47% and 258.20 ± 4.01% of the control values, respectively ([Fig. 2C, 2D](#f2-bt-24-268){ref-type="fig"}, *p*\<0.001). However, this induction of iNOS and COX-2 mRNA expression was significantly inhibited by 50 μg/ml EUE to 136.20 ± 23.23% and 192.80 ± 3.09% of the control values, respectively (*p*\<0.01 and *p*\<0.001). In addition, pretreatment with 100 μg/ml EUE significantly inhibited this upregulation of iNOS and COX-2 mRNA expression to 104.80 ± 1.02% and 104.10 ± 1.94% of the control values, respectively (*p*\<0.01 and *p*\<0.001).

Effects of EUE on LPS-induced TNF-α and IL-1β production in BV-2 microglial cells
---------------------------------------------------------------------------------

We next investigated whether EUE inhibits LPS-induced production of TNF-α and IL-1β by RT-PCR and ELISA. Treatment with LPS significantly increased the mRNA levels of these pro-inflammatory cytokines to 361.70 ± 5.59% and 174.40 ± 23.46% of the control values, respectively ([Fig. 3A, 3B](#f3-bt-24-268){ref-type="fig"}, *p*\<0.001). However, this upregulation of TNF-α mRNA expression was significantly suppressed by 25 μg/ml EUE to 251.70 ± 3.66% of the control value (*p*\<0.001). Pretreatment with 50 μg/ml EUE also significantly attenuated the up-regulation of TNF-α and IL-1β mRNA expression to 138.20% ± 5.04% and 119.40 ± 5.35% of the control values, respectively (*p*\<0.01 and *p*\<0.001). In addition, pretreatment with 100 μg/ml EUE markedly inhibited the upregulation of TNF-α and IL-1β mRNA expression to 117.40 ± 5.32% and 104.10 ± 6.28% of the control values, respectively (*p*\<0.001).

As a complementary approach, we also performed ELISAs to determine whether EUE inhibits the release of these cytokines *in vitro*. Treatment with LPS significantly increased the levels of secreted TNF-α and IL-1β to 1,210.00 ± 18.94 pg/ml and 803.20 ± 49.88 pg/ml, respectively ([Fig. 3C, 3D](#f3-bt-24-268){ref-type="fig"}, *p*\<0.001). However, this increased secretion of TNF-α and IL-1β was significantly blocked by pretreatment with 25 μg/ml EUE to 889.30 ± 30.41 pg/ml and 568.20 ± 36.84 pg/ml, respectively (*p*\<0.01 and *p*\<0.001). Pretreatment with 50 μg/ml EUE also significantly decreased the levels of secreted TNF-α and IL-1β to 441.10 ± 9.02 pg/ml and 443.20 ± 21.06 pg/ml, respectively (*p*\<0.001). In addition, pretreatment with 100 μg/ml EUE markedly inhibited the levels of secreted TNF-α and IL-1β to 301.20 ± 34.66 pg/ml and 108.90 ± 20.98 pg/ml, respectively (*p*\<0.001).

Effects of EUE on LPS-induced ROS accumulation in BV-2 microglial cells
-----------------------------------------------------------------------

We next examined the effect of EUE on the production of ROS, which are known to be early signaling inducers in microglial inflammation that contribute to neuronal cell death and neurodegeneration. Intracellular ROS formation was investigated with DCFH-DA, a fluorescent ROS-sensitive probe. Treatment with LPS significantly increased intracellular ROS production to 222.70 ± 3.19% of the control value ([Fig. 4A](#f4-bt-24-268){ref-type="fig"}, *p*\<0.001), whereas pretreatment with 25, 50, and 100 μg/ml EUE significantly inhibited these increases in intracellular ROS accumulation to 172.10 ± 1.40%, 131.00 ± 3.65%, and 104.30 ± 4.88% of the control value, respectively (*p*\<0.001). To further investigate the effect of EUE on LPS-induced intracellular ROS accumulation, we analyzed the localization of ROS using the DCFH-DA probe. Microphotographs of DCFHDA staining revealed excessive intracellular ROS accumulation following LPS stimulation ([Fig. 4B](#f4-bt-24-268){ref-type="fig"}). Pretreatment with EUE clearly inhibited this staining, indicating a reduction in intracellular ROS accumulation.

Effects of EUE on LPS-induced phosphorylation of JNK, ERK 1/2, p38 MAPKs, PI3K/Akt, and GSK-3α/β in BV-2 microglial cells
-------------------------------------------------------------------------------------------------------------------------

To evaluate the effects of EUE on the upstream signaling pathways associated with NF-κB translocation, we examined changes in the activation of intracellular signaling proteins such as JNK, ERK 1/2, p38 MAPKs, PI3K/Akt, and GSK-3β in BV-2 microglial cells. As shown in [Fig. 5](#f5-bt-24-268){ref-type="fig"}, treatment with LPS rapidly increased the phosphorylation of JNK, p38 MAPKs, ERK 1/2, PI3K/Akt, and GSK-3β to 649.90 ± 47.70%, 207.50 ± 5.44%, 575.70 ± 69.37%, 215.40 ± 14.56%, and 274.90 ± 10.35% of the control values, respectively ([Fig. 5](#f5-bt-24-268){ref-type="fig"}, *p*\<0.001). However, the increased phosphorylation of JNK and p38 MAPK was significantly inhibited by 25 μg/ml EUE to 418.00 ± 38.50% and 423.90 ± 47.77% of the control values, respectively (*p*\<0.05 and *p*\<0.01). Pretreatment with 50 μg/ml EUE also significantly suppressed the increased phosphorylation of JNK, p38 MAPKs, and GSK-3β to 393.00 ± 35.04%, 359.70 ± 25.49%, and 222.50 ± 8.05% of the control values, respectively (*p*\<0.05 and *p*\<0.01). Moreover, pretreatment with 100 μg/ml EUE dramatically suppressed the increased phosphorylation of JNK, ERK 1/2, p38 MAPKs, PI3K/Akt, and GSK-3β to 364.80 ± 41.19%, 162.70 ± 5.66%, 265.00 ± 21.06%, 114.00 ± 5.88%, and 97.71 ± 3.06% of the control values, respectively (*p*\<0.01 and *p*\<0.001).

Effects of EUE on LPS-induced phosphorylation of IκBα, degradation of IκBα, and activation of NF-κB in BV-2 microglial cells
----------------------------------------------------------------------------------------------------------------------------

The pro-inflammatory response and cytokine production are tightly regulated by multiple signaling molecules, such as IκBα. We thus evaluated the cytoplasmic levels of IκBα after LPS stimulation and EUE-mediated inhibition by Western blotting. Treatment with LPS significantly decreased degradation of IκBα to 32.57 ± 9.43% of the control value ([Fig. 6A](#f6-bt-24-268){ref-type="fig"}, *p*\<0.001), whereas phosphorylation of IκBα was significantly increased to 356.80 ± 38.93% of the control value ([Fig. 6B](#f6-bt-24-268){ref-type="fig"}, *p*\<0.001). However, this decreased degradation of IκBα was significantly inhibited by 25, 50, and 100 μg/ml EUE to 56.42 ± 6.55%, 70.57 ± 2.65%, and 78.52 ± 2.39% of the control value, respectively (*p*\<0.05, *p*\<0.01, and *p*\<0.001). In addition, pretreatment with 25, 50, and 100 μg/ml EUE significantly inhibited phosphorylation of IκBα to 250.50 ± 24.71%, 150.20 ± 8.01%, and 126.10 ± 19.49% of the control value, respectively (*p*\<0.01 and *p*\<0.001). Next, we investigated whether EUE inhibits the nuclear translocation of NF-κB by Western blotting and immunocytochemistry. Treatment with LPS significantly induced NF-κB translocation from the cytoplasm to the nucleus, as reflected by the increased levels of nuclear NF-κB, to 58.55 ± 3.94% and 497.50 ± 61.03% of the control values, respectively ([Fig. 6B, 6C](#f6-bt-24-268){ref-type="fig"}, *p*\<0.001). However, LPS-induced NF-κB translocation was significantly inhibited by 50 μg/ml EUE to 69.63 ± 1.44% and 239.20 ± 21.83% of the control values, respectively (*p*\<0.05 and *p*\<0.001). Pretreatment with 100 μg/ml EUE also significantly inhibited NF-κB translocation to 78.43 ± 0.32% and 175.40 ± 23.98% of the control values, respectively (*p*\<0.01 and *p*\<0.001). The intracellular localization of NF-κB was clearly visible by immunocytochemical analysis of LPS-treated cells ([Fig. 6E](#f6-bt-24-268){ref-type="fig"}). As expected, treatment with EUE significantly blocked LPS-mediated nuclear translocation of NF-κB in BV-2 microglial cells.

Given the inhibitory effects of EUE on LPS-induced nuclear translocation of NF-κB, we measured NF-κB-driven transcription using a luciferase reporter assay. In this assay, BV-2 microglial cells were transfected with an NF-κB reporter construct and its activity was assessed after various treatments. As shown in [Fig. 6F](#f6-bt-24-268){ref-type="fig"}, treatment with LPS significantly increased NF-κB activation to 405.30 ± 18.61% of the control value (*p*\<0.001). Moreover, NF-κB activation was significantly inhibited by 25, 50, and 100 μg/ml EUE to 328.70 ± 4.93%, 159.10 ± 13.81%, and 138.10 ± 7.25% of the control value, respectively (*p*\<0.01 and *p*\<0.001). Since NF-κB is a DNA-binding transcription factor, we examined whether EUE modulates LPS-induced binding of NF-κB to DNA in BV-2 microglial cells. Treatment with LPS significantly increased the binding of NF-κB to DNA, as assessed by EMSA ([Fig. 6G](#f6-bt-24-268){ref-type="fig"}). In contrast, pretreatment with EUE significantly suppressed this LPS-induced increase of NF-κB DNA binding.

EUE induces nuclear translocation of Nrf2 in BV-2 microglial cells
------------------------------------------------------------------

We next examined the effects of EUE on HO-1 expression, which is directly linked to Nrf2-dependent activation. As shown in [Fig. 7A, 7B](#f7-bt-24-268){ref-type="fig"}, treatment with EUE significantly induced the nuclear translocation of Nrf2 in a time-dependent ([Fig. 7A](#f7-bt-24-268){ref-type="fig"}) and concentration-dependent ([Fig. 7B](#f7-bt-24-268){ref-type="fig"}) manner. The levels of nuclear Nrf2 were significantly increased 2 h after treatment with 100 μg/ml EUE, peaked at 6 h, and then decreased at 12 h. Thus, treatment with 100 μg/ml EUE for 6 h was used to induce the nuclear translocation of Nrf2 in all subsequent experiments. Immunocytochemical analysis clearly revealed Nrf2 accumulation in the nuclei of EUE-treated BV-2 microglial cells ([Fig. 7C](#f7-bt-24-268){ref-type="fig"}). To investigate whether ARE binding by Nrf2 plays a role in EUE-mediated induction of HO-1 expression, cells were transfected with luciferase reporters under the control of the ARE promoter. As shown in [Fig. 7D](#f7-bt-24-268){ref-type="fig"}, EUE potently induced ARE-mediated transcription of luciferase in BV-2 microglial cells transfected with the ARE reporter construct. Moreover, ARE-driven transcription was significantly increased by treatment with 25, 50, and 100 μg/ml EUE to 176.70 ± 4.44%, 214.80 ± 12.85%, and 359.30 ± 11.64% of the control value, respectively (*p*\<0.001). To directly test whether EUE activates Nrf2, EMSAs were performed to examine the binding of Nrf2 to DNA in nuclear extracts prepared from EUE-treated BV-2 microglial cells. These experiments showed that EUE significantly increased Nrf2 binding to DNA in a concentration-dependent manner ([Fig. 7E](#f7-bt-24-268){ref-type="fig"}).

EUE stimulates Nrf2-mediated induction of HO-1 in BV-2 microglial cells
-----------------------------------------------------------------------

To determine whether the observed anti-neuroinflammatory effects of EUE were accompanied by activation of the Nrf2-ARE pathway in BV-2 microglial cells, we analyzed the protein and mRNA levels of HO-1, a downstream target of Nrf2, by Western blotting and RT-PCR. Treatment with EUE resulted in a time-dependent ([Fig. 8A, 8C](#f8-bt-24-268){ref-type="fig"}) and concentration-dependent ([Fig. 8B, 8D](#f8-bt-24-268){ref-type="fig"}) increase in the levels of HO-1 protein and mRNA. Both the mRNA and protein levels of HO-1 were significantly increased at 2 h after treatment with 100 μg/ml EUE and peaked at 6 h and 12 h, respectively. We next investigated whether HO-1 is the downstream target of Nrf2 that mediates the anti-inflammatory activity of EUE against LPS-stimulated inflammatory responses in BV-2 microglial cells. To this end, we tested the effects of ZnPP, an HO-1-specific inhibitor, on the anti-inflammatory effects of EUE. As shown in [Fig. 8E and 8F](#f8-bt-24-268){ref-type="fig"}, treatment with LPS significantly increased the levels of secreted NO and PGE~2~ by 33.42 ± 0.48 μM and 564.60 ± 59.07 pg/ml more than the control values, respectively (*p*\<0.001). This increased NO and PGE~2~ production was significantly inhibited by treatment with 100 μg/ml EUE, to 3.56 ± 0.26 μM and 164.00 ± 24.91 pg/ml greater than the control values, respectively (*p*\<0.001). However, EUE-mediated inhibition of NO production was markedly blocked by pretreatment with ZnPP at 5 or 10 μM, such that the levels of secreted NO were only 15.95 ± 1.23 μM and 29.60 ± 1.53 μM above the control values, respectively (*p*\<0.001). Similarly, EUE-mediated inhibition of PGE~2~ production was significantly prevented by pretreatment with 5 or 10 μM ZnPP. Specifically, the levels of PGE~2~ were 337.30 ± 23.67 μM and 506.50 ± 31.85 μM above the control values, respectively (*p*\<0.01 and *p*\<0.001).

DISCUSSION
==========

The main finding of this study is that EUE potently inhibits pro-inflammatory responses in microglia, most likely by inhibiting NF-κB activation and thus preventing Nrf2-mediated up-regulation of HO-1 expression. To the best of our knowledge, this is the first report to demonstrate that NF-κB activation and Nrf2-dependent HO-1 expression mediate the anti-neuroinflammatory effects of EUE. It is also the first report to identify the molecular mechanisms by which EUE modulates pro-inflammatory molecule production in BV-2 microglial cells.

NO and PGE~2~ are important mediators of inflammation. These two molecules are thought to be responsible for some of the damage that is seen in the CNS in brain injuries and diseases such as AD, PD, and stroke.([@b42-bt-24-268]) NO is synthesized from L-arginine by NO synthase, which is comprised of three enzymes. One of these enzymes is iNOS, which is produced mainly by activated glial cells ([@b29-bt-24-268]). Thus, inhibition of iNOS and NO synthase is one possible approach for preventing the development of inflammatory diseases. PGE~2~ is another well-characterized inflammatory mediator that is derived from arachidonic acid via the action of cyclooxygenases. Overproduction of PGE~2~ in response to growth factors, cytokines, and pro-inflammatory molecules is associated with upregulation of COX-2 ([@b43-bt-24-268]). Both iNOS and COX-2 have been reported to be induced in various types of CNS injuries and diseases ([@b41-bt-24-268]). These enzymes are believed to contribute to the pathogenesis of AD, PD, and stroke, as assessed by postmortem examinations of various patients ([@b34-bt-24-268]; [@b12-bt-24-268]; [@b1-bt-24-268]). In addition, iNOS and COX-2 have been shown to be upregulated in microglial cells in rodent brains after LPS treatment ([@b6-bt-24-268]). Thus, compounds that inhibit the expression of iNOS and COX-2 may be able to prevent and/or delay the progression of neurodegenerative diseases. In the present study, we initially determined whether EUE inhibits the production of NO and PGE~2~. We also investigated whether EUE-mediated inhibition involved the downregulation of iNOS and COX-2 expression at the mRNA and protein levels. We found that EUE significantly inhibited the production of both NO and PGE~2~ in a concentration-dependent manner, and that these inhibitory effects were mediated by the downregulation of COX-2 and iNOS expression on both the mRNA and protein levels. These results indicate that EUE may be beneficial in treating microglial inflammation, since EUE is able to inhibit the initial stages of inflammation.

Pro-inflammatory cytokines such as TNF-α and IL-1β have been shown to promote neuronal injury by activated microglia ([@b5-bt-24-268]). TNF-α is a key downstream mediator in pro-inflammatory responses, and has various pro-inflammatory effects on many different cell types. Microglia are major producers of TNF-α in the brain and may play a role in certain pathological conditions in the brain ([@b47-bt-24-268]). TNF-α overexpression has been implicated in the pathogenesis of several human CNS disorders such as AD, PD, and stroke (Botchkina *et al*., 1997; [@b40-bt-24-268]; [@b51-bt-24-268]). IL-1β is another potent pro-inflammatory cytokine that acts through IL-1 receptors expressed by numerous cell types, including neurons and microglia. Moreover, IL-1β has been proposed to be an important mediator of neuroimmune interactions that participate directly in neurodegeneration ([@b48-bt-24-268]). Consequently, the inhibition of cytokine production and/or function is a key mechanism by which CNS inflammation is controlled. Thus, we assessed whether EUE could inhibit the production of LPS-induced pro-inflammatory cytokines, including TNF-α and IL-1β, in BV-2 microglial cells. We found that EUE significantly inhibited LPS-mediated upregulation of mRNA expression and production of two pro-inflammatory cytokines, TNF-α and IL-1β, in BV-2 microglial cells. Consistent with our results, EUE has been shown to inhibit TNF-α and IL-6 production in LPS-stimulated murine peritoneal macrophage cells ([@b21-bt-24-268]). This result indicates that EUE is able to modulate the activities of TNF-α and IL-1β on either the transcriptional or protein level in activated microglia.

Elevated ROS levels have been found to be associated with neurodegenerative diseases such as AD, PD, and stroke ([@b5-bt-24-268]). Recent studies have demonstrated that activated microglia are important sources of ROS in the brain and are involved in neuro-inflammatory processes in neuro-degenerative diseases ([@b1-bt-24-268]). Overproduction of ROS in microglial cells is strongly linked to brain injuries with high levels of pro-inflammatory mediators and/or cytokines ([@b8-bt-24-268]). Moreover, ROS can trigger a cascade of deleterious events in the inflammatory process via MAPKs, PI3K/Akt, and GSK-3β. Signaling through these molecules leads to the activation of NF-κB and the subsequent overexpression of neuro-inflammatory molecules in activated microglial cells ([@b49-bt-24-268]; [@b13-bt-24-268]; [@b22-bt-24-268]). Thus, suppression of ROS production may be an effective way by which microglial cells can be protected from inflammatory damage. To evaluate whether the inhibitory effects of EUE on ROS accumulation involve the activation of MAPKs, PI3K/Akt, GSK-3β, or NF-κB, we examined ROS production in BV-2 microglial cells. We found that EUE significantly inhibited LPS-induced intracellular ROS production in BV-2 microglial cells, suggesting a possible mechanism by which EUE inhibits the activation of NF-κB, MAPKs, PI3K/Akt, and GSK-3β. This finding is in agreement with our previous observation that EUE is an effective neuroprotective agent against oxidative stress (H~2~O~2~)-mediated death in neuronal SH-SY5Y cells ([@b26-bt-24-268]). Furthermore, EUE-mediated inhibition of ROS production might prevent the production of pro-inflammatory mediators and/or cytokines, thereby reducing inflammation.

Various intracellular signaling pathways are involved in mediating the inflammatory response. Many signaling proteins such as MAPKs, PI3K/Akt, and GSK-3β are phosphorylated in response to LPS treatment. These proteins regulate the pro-inflammatory response and cytokine production in microglial cells ([@b16-bt-24-268]; [@b54-bt-24-268]; [@b50-bt-24-268]). Previous studies have shown that activation of MAPKs, PI3K/Akt, and GSK-3β has a significant effect on iNOS, COX-2, and pro-inflammatory cytokine gene expression in microglia by controlling the activation of NF-κB ([@b52-bt-24-268]; [@b31-bt-24-268]; [@b56-bt-24-268]). Thus, MAPKs, PI3K/Akt, and GSK-3β are essential mediators of pro-inflammatory molecules in microglia, and interventions in these pathways may be valid therapeutic approaches for treating inflammation-related neurological diseases. Although the effects of EUE on oxidative stress-induced activation of the MAPK and PI3K/Akt signaling pathways have been described ([@b26-bt-24-268]), the mechanisms underlying the interactions of EUE with these signaling pathways are not yet fully understood. In particular, it was unknown whether EUE exerts its anti-inflammatory effects by regulating MAPK, PI3K/Akt, and GSK-3β in activated microglia. Therefore, in this study we determined whether EUE regulates the activation of MAPKs, PI3K/Akt, and GSK-3β in LPS-activated BV-2 microglial cells. We found that EUE potently inhibits the phosphorylation of MAPKs, PI3K/Akt, and GSK-3β. These findings suggest that EUE suppresses key signal transduction pathways that are normally activated by LPS in BV-2 microglial cells, thereby preventing LPS-mediated upregulation of iNOS and COX-2 expression and NF-κB activation.

Activation of NF-κB in microglia contributes to neuronal injury and promotes the development of neurodegenerative diseases such as AD, PD, and stroke ([@b39-bt-24-268]). NF-κB is also a central regulator of microglial responses to various stimuli such as LPS and cytokines ([@b45-bt-24-268]). The mechanism by which NF-κB acts is well characterized: NF-κB is normally inactive when bound to IκBα in the cytoplasm in microglial cells. However, in response to stress, phosphorylated IκBα is degraded through selective ubiquitination, resulting in the activation of NF-κB. Activated NF-κB then translocates to the nucleus and binds to the promoter regions of pro-inflammatory genes, thereby upregulating the expression of these molecules ([@b44-bt-24-268]). Therefore, inhibition of these signaling pathways may explain the potent EUE-mediated suppression of the inflammatory response observed in the present study. We found that EUE inhibited LPS-induced phosphorylation of IκBα, degradation of IκBα, and nuclear translocation of NF-κB in BV-2 microglial cells. Furthermore, EUE also significantly repressed DNA binding by NF-κB and NF-κB-driven transcription upon LPS-mediated activation of microglial cells. These findings suggest that EUE-mediated down-regulation of inflammatory mediators results from the inhibition of NF-κB signaling pathways, ultimately resulting in anti-neuro-inflammatory effects.

Nrf2 is expressed in most cell types of the brain, including microglia. Activation of Nrf2 in microglia following brain injury is known to play a role in inhibiting microglial hyperactivation and in preventing neuronal death caused by microgliosis. Moreover, recent studies have reported that ROS are generated in response to inflammatory signals and participate in microglial activation ([@b9-bt-24-268]); moreover, Nrf2 has been shown to modulate brain redox homeostasis and regulate inflammation ([@b28-bt-24-268]). Therefore, Nrf2 signaling may be an attractive therapeutic target for the treatment of neurodegenerative diseases ([@b14-bt-24-268]). We hypothesized that the anti-inflammatory actions of EUE were mediated by the Nrf2 signaling pathway. To test this hypothesis, we examined the effects of EUE on the nuclear translocation of Nrf2 and on the binding of Nrf2 to AREs. We found that EUE significantly induced Nrf2 nuclear translocation and stimulated Nrf2 binding to AREs in microglial cells, demonstrating activation of the anti-inflammatory response pathway. These findings suggest that induction of HO-1 expression by EUE involves Nrf2-mediated transcription at AREs.

HO-1 is an enzyme with potent anti-inflammatory and anti-oxidant effects. A large body of evidence suggests that HO-1 plays a key role in maintaining anti-oxidant homeostasis during cellular stress ([@b37-bt-24-268]). The induction of HO-1 expression is primarily regulated at the transcriptional level by various transcription factors and is also linked to Nrf2. In the light of growing evidence indicating that HO-1 provides neuroprotection, elevating HO-1 expression by a pharmacologic modulator may represent a valid strategy for therapeutic intervention. In particular, the identification of a non-cytotoxic inducer of HO-1 expression could enhance the anti-oxidant potential of cells. Therefore, since HO-1 is an important component of cellular defenses against the inflammatory response, we assessed whether EUE could induce HO-1 expression to strengthen the anti-inflammatory response. We found that EUE upregulates HO-1 expression via Nrf2-mediated ARE activation. Moreover, many studies have suggested that HO-1 plays a pivotal protective role in inflammatory responses due to its ability to inhibit pro-inflammatory responses such as NO production ([@b53-bt-24-268]). This observation suggests that HO-1 is a potential therapeutic target for treating inflammatory neurodegenerative diseases ([@b17-bt-24-268]). In this study, we found that EUE significantly increased the expression of HO-1. ZnPP, a specific inhibitor of HO-1, significantly prevented EUE-mediated inhibition of NO production in LPS-stimulated BV-2 microglial cells. Taken together, these data support a model in which EUE induces HO-1 expression in BV-2 microglial cells, thereby conferring neuroprotection against pro-inflammatory responses. EUE induces Nrf2 nuclear translocation, which is upstream of EUE-mediated induction of HO-1 expression. In addition, HO-1 is a main effector molecule in LPS-induced NO and PGE~2~ production, and EUE-mediated inhibition of NO and PGE~2~ production is partially regulated by HO-1 expression. Therefore, our data support a model in which expression of HO-1, a key phase II detoxifying enzyme, mediates the anti-inflammatory effects of EUE via Nrf2 signaling pathways.

Considering the current literature and the data reported here, inhibition of pro-inflammatory responses mediated by EUE appears to be associated with suppression of NF-κB and activation of HO-1/Nrf2, which are signaling molecules involved in neuro-inflammation. The primary compounds from EUE reported to be responsible for various pharmacological actions, particularly chlorogenic acid (CGA), were also evaluated previously for neuroprotective effects against oxidative stress-induced cell death in neuronal cells ([@b25-bt-24-268]). Recently, CGA inhibits the inflammatory reaction in herpes simplex virus encephalitis via the suppression of Toll-like receptors/myeloid differentiation factor88 signaling pathways in BV-2 microglial cells ([@b11-bt-24-268]). CGA may serves as an anti-inflammatory agent and provide a new strategy for treating neuro-inflammation-related diseases. However, further studies are needed to elucidate the precise anti-inflammatory activities of standardized EUE's compounds *in vivo* and/or *in vitro* systems. We are currently working to isolate EUE's active components using an activity-guided fractionation approach.

In summary, the present study showed the potential anti-inflammatory effects of EUE in BV-2 microglial cells. In LPS-stimulated BV-2 microglial cells, EUE significantly inhibited the production of two inflammatory mediators, NO and PGE~2~, and suppressed the expression and release of multiple molecules involved in inflammation, including iNOS, COX-2, TNF-α, and IL-1β. EUE also significantly attenuated intracellular ROS accumulation in LPS-stimulated BV-2 microglial cells. These inhibitory effects of EUE were associated with reduced phosphorylation of MAPKs, PI3K/Akt, and GSK-3β. They were also associated with reduced activation of NF-κB. In addition, EUE induces HO-1 expression in BV-2 microglial cells, which confers protection against the LPS-induced inflammatory response. EUE also induces Nrf2 nuclear translocation, which occurs upstream of EUE-induced HO-1 expression. Although we did not evaluate whether EUE protects against inflammation-related neuronal damage *in vivo*, we did demonstrate that EUE exerts anti-inflammatory activities in BV-2 microglial cells. The regulation of inflammatory molecules by EUE may have therapeutic potential in the treatment of various neuro-degenerative diseases. Accordingly, our findings suggest that EUE could be used as a therapeutic agent in the treatment of neuro-inflammation-associated disorders.
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![Effects of EUE on the viability of BV-2 microglial cells (A). Cells were treated with the indicated concentrations of EUE for 24 h. Effects of EUE on LPS-induced cell death in BV-2 microglial cells (B). Cell viability was assessed by the MTT assay and is expressed as a percentage of the corresponding value of control cells. Cells were pretreated with the indicated concentrations of EUE for 30 min and then stimulated with 100 ng/ml LPS for 24 h. Effects of EUE on LPS-induced production of NO (C) and PGE2 (D) in BV-2 microglial cells. Cells were pretreated with the indicated concentrations of EUE for 30 min and then stimulated with 100 ng/ml LPS for 24 h. The concentrations of nitrite in the culture medium were then determined by the Griess reagent. The PGE2 concentrations in the culture medium were measured using a commercial ELISA kit. Data are presented as means ± S.E.M. (n=6). ^\*\*\*^*p*\<0.001 compared with the control group. ^\#^*p*\<0.05 and ^\#\#\#^*p*\<0.001 compared with the LPS-treated group.](bt-24-268f1){#f1-bt-24-268}

![Effects of EUE on LPS-mediated upregulation of the protein and mRNA levels of iNOS (A and C) and COX-2 (B and D) in BV-2 microglial cells. Cells were pretreated with the indicated concentrations of EUE for 30 min and then stimulated with 100 ng/ml LPS for 24 h (A and B). The levels of iNOS, COX-2, and β-actin were determined by Western blot analysis. Cells were pretreated with the indicated concentrations of EUE for 30 min and then stimulated with 100 ng/ml LPS for 6 h (C and D). The mRNA expression levels of iNOS, COX-2, and β-actin were determined by RT-PCR. Densitometric results are presented as means ± S.E.M. (n=3). ^\*\*\*^*p*\<0.001 compared with the control group. ^\#\#^*p*\<0.01 and ^\#\#\#^*p*\<0.001 compared with the LPS-treated group.](bt-24-268f2){#f2-bt-24-268}

![Effects of EUE on LPS-mediated production of TNF-α (A and C) and IL-1β (B and D) in BV- 2 microglial cells. Cells were pretreated with the indicated concentrations of EUE for 30 min and then stimulated with 100 ng/ml LPS for 6 h. The mRNA expression levels of TNF-α, IL-1β, and β-actin were evaluated by RT-PCR. Results are presented as means ± S.E.M. (n=3). Cells were pretreated with the indicated concentrations of EUE for 30 min and then stimulated with 100 ng/ml LPS for 24 h. The concentrations of TNF-α and IL-1β in the culture medium were measured using commercial ELISA kits. Data are presented as means ± S.E.M. (n=6). ^\*\*\*^*p*\<0.001 compared with the control group. ^\#\#^*p*\<0.01 and ^\#\#\#^*p*\<0.001 compared with the LPS-treated group.](bt-24-268f3){#f3-bt-24-268}

![Effects of EUE on LPS-induced ROS accumulation in BV-2 microglial cells. (A) Cells were pretreated with the indicated concentrations of EUE for 30 min and then stimulated with 100 ng/ml LPS for 24 h. Intracellular ROS accumulation was assayed using DCFH-DA fluorescent dye. Data are presented as means ± S.E.M. (n=6). Nuclei were counterstained with Hoechst 33258, and representative pictures were taken with a fluorescence microscope (B, 20× magnification). The images shown are representative of three experiments. ^\*\*\*^*p*\<0.001 compared with the control group. ^\#\#\#^*p*\<0.001 compared with the LPS-treated group. Scale bar: 200 μm.](bt-24-268f4){#f4-bt-24-268}

![Effects of EUE on LPS-induced phosphorylation of JNK (A), ERK 1/2 (B), p38 MAPKs (C), PI3K/Akt (D), and GSK-3α/β (E) in BV-2 microglial cells. Cells were pretreated with the indicated concentrations of EUE for 30 min and then stimulated with 100 ng/ml LPS for 1 h. The expression levels of JNK, ERK 1/2, p38 MAPKs, PI3K/Akt, and GSK-3α/β were evaluated by Western blot analysis. Densitometric results are presented as means ± S.E.M. (n=3). ^\*\*\*^*p*\<0.001 compared with the control group. ^\#^*p*\<0.05; ^\#\#^*p*\<0.01; and ^\#\#\#^*p*\<0.001 compared with the LPS-treated group.](bt-24-268f5){#f5-bt-24-268}

![Effects of EUE on LPS-induced phosphorylation of IκBα (A), degradation of IκBα (B), and activation of NF-κB in BV-2 microglial cells. Cells were pretreated with the indicated concentrations of EUE for 30 min and then stimulated with 100 ng/ml LPS for 1 h. The levels of IκBα, NF-κB p65, β-actin, and lamin B1 were measured by Western blot analysis (A--D). Densitometric results are presented as means ± S.E.M. (n=3). (E) Immunofluorescence analysis of NF-κB p65. Cells were immunostained with anti-NF-κB p65 antibodies and Texas Red^®^-conjugated secondary antibodies. Nuclei were counterstained with Hoechst 33258, and representative pictures were taken with a fluorescence microscope (100× magnification). Images shown are representative of three independent experiments. Scale bar: 200 μm. (F) Cells were transiently transfected with an NF-κB reporter construct, pretreated with the indicated concentrations of EUE for 30 min, and then stimulated with 100 ng/ml LPS for 1 h. Equal protein amounts of cell extracts were assayed for dual-luciferase activity. Data are presented as means ± S.E.M. (n=3). (G) Cells were pretreated with the indicated concentrations of EUE for 30 min and then stimulated with 100 ng/ml LPS for 1 h. The DNA binding of NF-κB in nuclear extracts was then assayed by EMSAs. ^\*\*\*^*p*\<0.001 compared with the control group. \#*p*\<0.05; ^\#\#^*p*\<0.01; and ^\#\#\#^*p*\<0.001 compared with the LPStreated group.](bt-24-268f6){#f6-bt-24-268}

![EUE induces nuclear translocation of Nrf2 in BV-2 microglial cells. (A) Time-dependent EUEmediated induction of Nrf2 nuclear translocation. Cells were treated with 100 μg/ml EUE for 0.5, 1, 2, 4, 6, 12, and 24 h. Nuclear fractions were then prepared and assayed for the presence of Nrf2. (B) Concentrationdependent induction of nuclear translocation of Nrf2 by EUE. Cells were treated with different concentrations of EUE for 6 h. Nuclear fractions were then prepared and analyzed for the presence of Nrf2 and lamin B1 by Western blotting. Densitometric results are presented as means ± S.E.M. (n=3). (C) Immunofluorescence analysis of Nrf2 nuclear translocation. Nrf2 was detected with anti-Nrf2 antibodies and Alexa Fluor^®^ 488-conjugated secondary antibodies. Nuclei were counterstained with Hoechst 33258, and representative pictures were captured with a fluorescence microscope (100× magnification). The images shown are representative of three experiments. Scale bar: 200 μm. (D) ARE reporter assay with EUE. Cells were transiently transfected with an ARE reporter construct and then treated with the indicated concentrations of EUE for 6 h. Equal protein amounts of cell extracts were then assayed for dual-luciferase activity. Data are presented as means ± S.E.M. (n=3). (E) EMSA analysis of DNA binding by Nrf2. Cells were pretreated with the indicated concentrations of EUE for 6 h and nuclear extracts were then prepared. The binding of Nrf2 to DNA was investigated by EMSAs. ^\*^*p*\<0.05; ^\*\*^*p*\<0.01; and ^\*\*\*^*p*\<0.001 compared with the control group.](bt-24-268f7){#f7-bt-24-268}

![EUE drives Nrf2-dependent induction of HO-1 in BV-2 microglial cells. (A and C) EUE induces HO-1 expression in a time-dependent manner. Cells were treated with 100 μg/ml EUE for 0.5, 1, 2, 4, 6, 12, and 24 h. The protein and mRNA levels of HO-1 were measured by Western blot and RT-PCR analysis, respectively. (B and D) EUE induces HO-1 expression in a concentration-dependent manner. Cells were treated with the indicated concentrations of EUE for 6 or 12 h, and the protein and mRNA levels of HO-1 were determined by Western blot and RT-PCR analysis, respectively. (B) Western blot analysis of the expression levels of Nrf2, HO-1, β-actin, and GAPDH. Densitometric results are presented as means ± S.E.M. (n=3). (D) RT-PCR analysis of the mRNA levels of HO-1 and β-actin. Expression results are presented as means ± S.E.M. (n=3). ^\*^*p*\<0.05; ^\*\*^*p*\<0.01; and ^\*\*\*^*p*\<0.001 compared with the control group. (E and F) Treatment with ZnPP prevents EUE-mediated inhibition of LPS-stimulated production of NO (E) and PGE2 (F). Cells were pretreated with the indicated concentrations of ZnPP for 1 h, incubated with 100 μg/ml EUE for 30 min, and then stimulated with 100 ng/ml LPS for 24 h. The concentrations of nitrite in the culture medium were then determined using the Griess reagent. Data are presented as means ± S.E.M. (n=6). ^\*\*\*^*p*\<0.001 compared with the control group. ^\#\#\#^*p*\<0.001 compared with the LPS-treated group. ^\#^*p*\<0.01 and ^\#\#\#^*p*\<0.001 compared with the EUE+LPS-treated group.](bt-24-268f8){#f8-bt-24-268}
